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Inorganic Materials Research Division,
Lawrence Berkeley Laboratory .

~ ABSTRACT -

"The &ielding behavior of bjc.c. crystals has been reported to
depend asymmetrically on crystal orientation at low temperatures.
The asymmetric yielding behavior was assumed by Hirsch and others to
be due to the dissociation of the g <lli> screw dislocations. The
present‘project was initiated to investigate the Ailoying'effect‘on.
ﬁhe asymmetric yielding behavior df b.c.c. crysﬁals. The Mo-Re alloy
system was chosen because it was thought thatAadéihé Re to Moﬂwoﬁld
"lower the stacking fault eﬁergy of Mo and increase the tendency of
dissociation of the g <111> screw dislgcations, hence iﬁcrease the
asymmetry. Single crystals of two Mo-Re alloys, 11 atom  percent
and 21 atom percent Re, each in three different oriénta£ions, were
»tested under tension at low temperétures. The yield stress and slip
band formation of thése crystals were found to depend on test tempera-
tﬁre, solution concentration, and below room femperaﬁure; asymmetrically
on crystal orientatioﬁ. The asymmetric yielding béhavior was found
to be. in reasonably good agreement with the pseﬁdo-Peierls mechanism

proposed by Dorn and Mukherjee. However, the degree of asymmetry in
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the Mo-Ré alloys was found to be less than that for Md in contrast to
the original expectation. it is guggested that Re addition might have
iﬁcreaéed the stacking fault energy at low Re cohcentration, then de-
creaséd it.vhen Re concentration reached higher value. Moreover,
solid-solution softening phénomenon was observed for only two of the
three orientations (B and C) of Mo-Re alloys'invéstigafed. It seems
this is leo-oriéntation dependent and might come from the same origin

as the asymmetric yielding behavior.

¥Deceased, Septembef 1971
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1.  INTRODUCTION }

The anisotropic'yielding,behayiorboflb.c.c. crystals yas observed
in beta brass as early as 1928. However, the'subject was not investi-

gated_lnten51vely untll recent years. The existence of the orientat—

tion effect on the deformatlon behav1or at low temperatures has been

confirmed in many b.c.c. metals and alloys2 12. For a rev1ew, see

Dorn andlMukherjeel

The tensile axis of a b.c.e. crystal is usnally represented in
the stereographic unit triangle as shoﬁhﬂbj "e"'in Fig. 1. This
orientation is defined by the anglesvk and X, where A'isvthe4usual
Schmid angle between the ten51le axis and ‘the Sllp dlrectlon and X
is the angle between the plane of ma#1mum resolved shear stress (MRSS)
and- the {lOl} plane 1n the same zone of the sllp dlrectlon rotated
clockwise. . The angle X is deflned between the observed Sllp plane and

the {101} plane in"the same way as for X. The asymmetrlc effects can

be stated as follows:

1. The yield stress under tension is higher when the crystal is oriented

7 near [011], where X>0 and the. (211) [111] mode is the MRSS system,
than when it is oriented near [001] where X<0 and the (1I2) [I11]
is the MRSS system 2-10 |

2. The sl1p band formatlon is also asymmetr1c2’3’ 6;12; Under tension

it is found to be closer to the MRSS plane for X>0 and deviate
toward the (lOl) plane for X<0 Wthh sometlmes tdtally excludes

the operation of the (211) system in the [lll] direction.

« t
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MoréoVer, the aéymmetric behdﬁior is.réverSed_Whén the sign of
the stress is changed from tension to compressions3’ 6-9, 11, 12.

These results suggést the equivalence of the (211) [111] with
" the (1i2)‘[lTI}difficult‘slip, which are antitwinning systemé,
and 5150 the equivalence of the (112) [111] with the (211) [III)
‘ egsyAslip whiéh.are twinning systems. This indicates that the
slip is‘difficult when the afoms in the core of the dislocations
moveAin.thé antitwinniﬁg'direction and easy when the atoms move
inAthe twinning direction. -

It ﬁas'beén théught for some time that the.aéymmetric
yielding of b.c.g. crystals was due to‘the dissociation of screw

b . . o
1 16. However, it is also known that experimentally

disloéétions
no dissociatién or stacking fault has been observed. Theoretical
célcuiaﬁionsl7;18 haﬁé also shown‘that no metéstable large stacking
fault exists in b.c.c. metals-ahd dissociations are limited to At
most a few Burgers vectors. 'Recéﬁtly, Dorn and'MukherJeel3
suggésted that alﬁhéugh no true dissociétionsvof the screw dis~-
loéations take pléée, a tendency £0wafd splitting exists which
leads’ﬁo-a‘decfease in the cére energy of thevdislééation with

a cofrésponding asymmetric dispdsition of‘the‘core atoms. Thefe—
fore, the Peierls stress for the (211) [111) éntitwinning system
be expected to exéeed that for the (112) [illj'twinning system.
The asymmétrid arfangement of the éore atoms.was assumed to be
modified.by the applied stress. For X>0 the modification would

v move-the-atoms toward an arfangement.which is more difficult to
slip-whéreas the opposite takes piéce(for X<0. With this céncept,

they were able to modify the Dorn—Rajnak model of the Peierls

mechanism so as to account for the asymmetric slip behavior of



=3-
b.c.c. crystalsvat idy temperatures. A systematic investigeﬁion
on Molo ga%e results in reasonable:agreement'with their predictions.
It was hoped in this 1nvest1gat10n to change the stacklng
fault energy of a pure metal by alloying so as to change the
vdissociation tendencies of the ecrew dislocations and to observe
the change of deformation behavior. The\Mo—Re system‘waS'chosen
because previous work’on thisialloyzo’zl hasvghown that at: higher
concentrations in the SOlid solntion.range (abovefabout 25 atom
per cent Re) twinning ie.the predominent mode of deformation at
low femperatures. It was hence thought that Re additions might
lower the stacking fault -energy of Mo. 'Futhermore,.deformation
twins 22,23 and stacking fanlt g‘roups2h have been‘observed in
Mo;Re alloys.nsing.trénsmission electron microscopy.
2. EXPERIMENTAL TﬁcmeQUEs B
Single'crystals'of-Mo-Re,alloys; denoted Mo-11 Re and Mo-21 Re,
were grown by melting together commerc1ally pure Mo and Re rods in
an electron beam zone reflning aparatus. In order to maintain a
honogeneonsidistribntion of Re the direction of zoning was reversed
after each pass. Chemical analyses showed thef Mo-11 Re contained
11.3 atom per‘cent Re and less than 200ppm interstitiel impurities,
'mainly{C,'Oland N. Mo-=21 Re contéined 20.9vatom ner'cent,Re and less
than 300 ppm interstitial impnrities.s'The distribution of 'Re in the
{crystaldwae cnecked by electron microprobe analysisland found to be
uniform:both longitudinally and'crosswise{tO'within the limit of the
method (13%)
Three orientations, A, B-and‘C, wereveelected.eslshown in Fig. 2a.
These have x= 45° and ~ X= -30, + 28° and. 0° respectively. Tensile |

Speeimens,'eacn having a 0.7 inch gage length and 0.085 inch square
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cross section were machined by grinding. The gauge surfaces of the
specimens wvere selected such that one set of the surfaces, called
side faces, were parallel to the maximum stressed <111> direction as
shown in Fig. 2b. The specimens were‘electropolished in a solution
containlng‘equal parts of methyl alcohol (CHéOH).and sulfuric acid
(H 80, ) at ~0°C and then annealed in He atmosphere at ZOOOQC for
2h hours. |

Ten51le tests were performed at varlous constant-temperatures
from about 2OOK to 9OOOK in an Instron testing machine at 'a strain
rate of 5 x 10—5/sec. ‘The yield strees was determined at an offset
of O.QOl strain from the modulus line. Specimeas were_removed at
strain of 0.002 and.0.0S for slip trace observatiens_using the
Normaskilinterference contrast technique on a Ziess Ultraphot Micro-
scope.b Operative slip systems were idehtified'by the'two—sarface
slip tface'analysis method.

3l EXPERIMENTAL RESULTS

1. Tensile Yield Stresses

Deformation of the Mo-Re alloy crystals.ih this iaVestigation
was found‘to take place excluéively by slip‘prbcesses.> No evidence
of twinning was observed. For Mo-11 Re crystals, plastic strain
was measured even at the lowest temperature tested, i.e. about
20°K. The Mo-21 Re alloy, however, became very brittle at
temperatures below llquld nitrogen temperature, and no meaningful
yield stress could be recdrded.

The yield stress at low temperature is usually considered to
conslst-of twe parts; a thermal combonent,'called effective stress
(o*); and an athermal component,.which is believed to be due to
the long range internal stress of the crystal and varies with

temperature only as does the shear modulus of'elasticity.



The atherﬁal stresses, taken at the temperature independent level
of'ﬁhe yield stresses at higher temperatures were measured to be
about 13 X 108 dynes/cm for the Mo-11 Re alloy and about 16.5 X 108
dynes/cm for the Mo-21 Re alloy. Comblnlng the athermal stress of
about 1 to 27X lO8 dynes/cm2 reported for molo,‘it seems that the
increase in athermal stress varies approxiﬁately with the square
root of: the Re coneentration. The effective efreSs, whichbis
obtained by subtractipg the moaulus—corrected athermal stress at
the test temperature from the experimentally determined tensile

. yield.stress, is then plotted versus temperature in Fig. 3 for both
‘Mo-11 and Mo-21 Re ailoys. |

The results clearly indicate that the effective stress of Mo-Re
alloys is depepdent.not only on temperature‘but also'on the cfystal
erientetion and alloy composition. The difference in the tempera-
tu;e dependence of the effective stress with respect to crystal
ofientation is perticularly insteresting‘for,ofientetiqns A and B,

- since both have {112} as the MRSS plenes. Foriqrientation A, |

x = *30°, the maximum.stressed (éll) [111] system is the entitwinning
sense. Consequently the deformatlon behav1or js seen to be asym-
metric and slip in the antitwinning sense requlres the higher stress.
The asymmetrlc deformation behavior will be further demonstrated
when the. s11p geometry is dlscussed 1n the next section.

The dependence of effective stress on alloy composition ‘is
ehoﬁn.in'Table I. The effective stresses at YTQK for Mo-11 Re and
Mo—QI-Revare listed together with those reported on Molo‘in Table I.
‘Also listed are the ratios of the effective stress which are used
as an 1nd1cat10n ‘of the asymmetric effect. The asymmetrlc effect

is hlghest for Mo and lowest for Mo-ll Re alloy. In contrast to

the orlglnal expectation, the asymmetric effect at first decreases
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with Re adgition, but then increases és the Re concentration is
raised further. The effective stress increases monotonically with
Re conceﬁtrétion for orientation A. Yet forvorientations B and C,
while Mo-21 Re'alloy'has the highest effectiﬁe stresses, Mo-11 Re
alloy has the loﬁest. Similar alloy softeniﬁg phenoména have

2k, 25

been reported on Ta alloys, Mo-Re a110y2; and recently on

Fe alloys,zé’ 21 et

c. The interestihg point of the present re-
sults is that alloy softehing depends strongly Qn.cr&stal orien-
taﬁion.
S1lip Geometry

The general.appearaﬁce of slip bands on both front and side
faceé'is shown in Fig. h‘. The slip ban& are straight and sharp
on the side face but wavy énd rather ill definéd on the front face.
The slip précéss seems to be relatively homogeneous through thg
gauge section of the specimens. At the beginning of deforﬁation, e.g.
€v0.0002 more fhan éne slip system was detected for orientations A
and C, similar.to the result reported for Molo. As the crystals
deformed further, (e.g. €v0.005) one slip Sysfem seems to be pre-
dominant. |

The operative slip Burgers vector, as determinéd by the two
face siip traée analyses and the rotation of tﬁe_tensilé axis was
fouhd to be the highest stressed g <111> Burgers veptof, i.e..for
oriehtation,A, g !ill], and for orientations B and C g [111]), re-
gardless of compositién. The eXception was orientation C of Mo-2l.Re
alloy at 77°, for which slip took‘place via g' [111] in stead of
5 [111].

The chdice of the operative Slip plane was complicated by its

dependence on crystal orientation, composition and even the test

temperature. Micrographs of the slip bardon a front face of the
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Mo—ll Re alloy are shown in Figs S5A, 5B, -and SC for orientations'
A, B and C: respectively. The results are summar17ed as X vs. T
curves_ln Flg. 6. For orlentatlons A and C the operative slip planes
were (ll?) and 101) respectively over the whole temperature ranges
investigated. Those are the MRSS planes in these samples. However,
in orientation B slip took place on the (1o1) plane at.test tempera-
tures'below 156°K rathervthan on the maximum stressed (211) plane.
This latter slip plane was not found until above about 375 °K. There

was a. tran51t10n temperature range between 156 K and. 375 %K as the

- operative slip lane changed from (IO01) toward (211).

For Mo-21 Re alloy crystals slip band micrographs of orientsations
A, B and C are shown in Figs. TA, FB-and TC respectively. The opera-
tive slip planes are plotted as X vs. T curves in Fig. 8. It is seen
that slip took place on the (112) plane for orientation A at all
temperatures investigated and on the (21l) plane for,orientation B
with some deviation toward the (lOl) plane between 1l7°K and 1950K.
As for orientation C, slip took place on the (lOl) plane and in the
[111] direction above 296 K and then deviated toward the (1I2)
plane in the same direction as.the test temperature was lowered.
But at 77 °k, the slip system was found to be 'in the (112) [(I11] mode.
The principal slip systems at 77 °k for Mo-Re alloys and Mo are

summarized in Table 4. The asymmetrlc slip behav1or is obvious. For

Mo and Mo-11 Re alloy crystals, the (211) [111] mode was not observed

at this temperature even 1f orientation B, which has the highest

.effective stress, was espec1ally chosen to have the (211) {111}

" mode as the maximum stressed system. Therefore, the critical

resolved shear stress (CRSS) to operate the (Z11) {lll] system, which

is an antitwinning system, must be very high for Mo and Mo-11 Re

alloy, while the (112) [111] system, which is & twinning system, is
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operative at much lower effective stresses. However, for Mo-21 Re
alloy the (I01) [111] mode was not observed at 77°K. Instead of
the maximum stressed (101 [111] mode for orientation C, the (112)
[ill] mode was found to be operative. Consequently, the results
indicate that the (1I2) [I11] mode, which is a,twinning»system, is’
easier to operate for this alloy: fhe effective stress for orienta-
tion B is also higher than those of orientetions A and C. The
strikiné resﬁlt here is that the CRSS calculated-frem the effec-
tive stress.of orientation C is lower than that from orientatiop A,
even when orientation C has higher X angle (-10° versus -30°).

This wiil be further discussed in the followiﬁg section.

Discussion

It is elear from'the experimental results that the deformation
behavior of Mo-Re alloys is asymmetric, at leaet at the lower test
temperatures, i.e., below about room temperature. Qualitatively,
the asymmetrlc behavior of Mo—Re alloys is similar to that of Mo
and in agreement ‘with the Dorn and Mukherjee s model 3. However,
quantitively, it seems that the asymmetric effect decreased from
Mo to Mo-11 Re alloy and then increased from Mo-1l Re alloy to
Mo-21 Re alloy. As stated in the introduction, the asymmetric
behavior of b.c.c. crystals is explained by Dorn and Mukhefjeel3
as due to the asymmetric core structure of the screw dislocation.
They suggest that the apparent Peierls stress may be higher for the
dislocation to move in the ant1tw1nn1ng dlrectlon than in the
twinning direction on the {112} plane. Furthermore, the asymmetrical
arrangement-of the atoms in the core of the dislocation is assumed

to be modified by the applied stress. Asymmetric factors, A(hkl);

are then defined to account for these modifications in the following

equations.
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¥ cos A sin A sin 3X .cee.....(1)

= P301) ¥ A(T01)°

T, (To1)

Tp(li2) = P(lié) * A(l'i2)o* cos A sin A sin 3X ... .v...(2)

Where 1 is the Peierls stress on the (hkl) plane,

o (hk1)
P(hkl) represents'the Peierls stress when either X or o¥* is equal
to zero, and X and X should be chosen.in accord with the operativé
Burgers vector. Fpr Mo-11 Re alldy, A(TOl) was calculated to be
0.06 which is relatively samll compared with A(101) = 0.263

reportéd on Molo.v A(li2) was foﬁnd to be -0.25 for Mo;2l-Re'alloy
as compared with>A(lié) =.0.125 for Mo;o; The negative sign of

for Mo-21 Re alldy comes from the fact that the CRSS on
the (112) plane.wés smaller when calculated from the effectivg stress
“of orientatioh‘é,'x = -10° than from orientation A, X = -300°.

..This result seems unrealistic from the model's suggesﬁion,‘ However,
the ratio of the effective sﬁresses for orientations B and C (Table 1)

‘is indeed bigger which shows an increase in the asymmetry. A(lOl)

for Mo-21 Re alloy and A ) for Mo-11 Re alloy are not calculated

(112

due to insufficient data.
Thé'present investigation was initiated on the assumption that

Re addition might lower the stacking fault energy of Mo for it

20, 21

was shown to have promoted twinning mode of deformation If

one thinks the asyﬁmetric deformation behavior is"originated from
the as&mmetric dissociéted éore structure, then a aecfease ih the
stacking fault energy should lead to an increase in the’asymmetric
behavior, since the degree'of,dissociﬁtion of the dislocation is
very much depehdent 6n the stacking fault energy;‘ Howe#er, e#—
perimental resﬁlts from.thisvinvestigation have inqicated that the
.asymmetric behévior»was at first decreased and then increased again

due to Re additions. This phenomehon might lead one to suggest
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that the stacking fault energy was increased at low Re concentration
and then decreased when the Re concentration becomes higher. In
fact, deformation by twinning was not observed during the course of

this investigation. Those previous works on Mo-Re alloy crystals

have also indicated that twinning mode was not observed until Re
concentration reached about 25 atom  per cent or more. A similar
phenomenon was reporied on Nb alloys by Kossg8. He found that
alloying 6 atom. ' percent W in Nb crystal increaéed the asymmetry
of yielding, yet his Nb crystals, which contained about 450 ppm
interstitiai impurities, showed negligable asymmefry compared to
the asymmetric deformation reported on ultra;high puripyva6’7,
containing only about a few ppm interstitial impurities. Although
his Nb crystal contained interstitial impurities instead of sub-
stitutional solute atoms, the effects seem.to be analogous.

For b.c.g. alloys, the solid solution softening at low tempera-

21, 2h_27._-This softening can

tures is aifairly geheral phendmenon
occﬁr in eithér substitutional or iﬁterstitia129 alloys. Althéugh

it has been suggested that association betweenvsubstitﬁtidnal and
binterstitial solutes or between interstitials of‘the éame or different
types, called scavenging effect, can cause solid-solution softening,
recent investigations seem to prefef a modifiéafion of the Peierls

mechanism through either a decrease of the Peierls energy2l’ 2k, 25

26, 27

or & reduction of thé_kink nucleation energy
The present results showed that the Peierls stresses are lower
for orientations B and C of Mo-11 Re alloy than Mo indicating a
lowering of the Peierls energy due to Re addition; This is in agree-
ment with the results of Davisdon and Brotzengl. vSolid solution
softeﬁiné was not observed for orientation A indicating that this

phenomenon might be also orientation dependent. Once again, if one

20, 21

o
1
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thinks that the high Peierls energy as well as the asymmetric

deformation behavior of b.éfé. crystals are‘duevto the asymmetri-

cally-dissociated_core'structure of the dislocations as suggested

by Dorn and_MukherJeé13‘then & lowering of the Peierls stress

could mean an increase in the stacking fault energy. This is in

line #ith the foregoing discussions where the. reduction of the

asymmetric'dgformation behavior was thought to suggest an increase

in the stacking fault enérgy. Present knowledge on the'effect of

solute atQms on the stacking.fault energy as well as the detailed

core étructure of ‘dislocations does~ not seem to be able to provide

any quéntitative analysis.

SUMMARY

1.

- The yielding behavior of single crystals of two Mo-Re alloys,

11 atom percent and 21 atom percent Re, each with three different

ofientations were investigated under tension and the results
L 10

" were compared with those of Mo reported by Lau et al.” .

The deformation'of these crystals was found to depend on tempera-
turé; alloy compoéition and below room temperature, asymmetri-
cally on crystal orientation.

At low temperatﬁres, where asymmetry was observed, slip occurred

“on both (1I2) [T11] and (I01) [111] systems, but never on the

(211) flll] mode fér Mo;ll Re alioy crystals, even with the

most favorable orientation, thch is similar to the results

éf Mo. However, for Mo-21 Re alloy cryéﬁals'slip did take place
by the (511).[111] mode, but never bc¢urfed by the (I01) [111]

mode, instead, the (1I2) [T11[ mode was more favored. The

Yield stress for slip by the (211) [111] antitwinning mode was

found to be much higher than that for the (112) [111] twinning
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mode. This asymmetfic behavior is in agreément with the pseudo-
Peierls mechanism suggested by Dorﬁ and Mukherjee13. |
‘3. Although the asymmetfic slip behavior is clear and evident for
'Mo-Re alloys, the degree is less thaﬂvthat for Mo. This is in
éontfast to the original expectation as Re additions were tﬂought
to lower the stacking fault energy of Mo and to increase the
-asymmetric effect. Thus, it'i§_suggested.from present results
that Re~aadition migh have increased the stacking fault enérgy
‘at low Revconcentration, then decreésed it when Re concentré-
tjon became higher. |
L, Solid-solution- softening phenomenon- was observed for orienta-
tions B and C of Mo-Re alloys but not for o;ientation A. Thus

the solid 'solution softening is also orientation dependent and

might be related to the asymmetric slip behavior.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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